We demonstrate an artificial electronic nanomaterial, constructed by arrangement of nanometer-sized symmetry-breaking elements into a two-dimensional lattice. The material exhibits intrinsic nonlinear electronic functionality, and therefore functions also as a two-dimensional ratchet. We show that individual devices can be made by simply cutting pieces from the material. We also demonstrate that these devices operate at temperatures up to room temperature and at frequencies at least up to 50 GHz.
It was discovered about 30 years ago that some natural crystals can generate direct electric currents under uniform illumination. 1, 2 It took about a decade to realize that this so-called photogalvanic effect is actually a striking macroscopic manifestation of the lack of centrosymmetry in the microscopic elemental structure despite the macroscopic homogeneity of these crystals. The biological world also exhibits various macroscopic functionalities which are based on microscopic structures. 3 Recently, devices consisting of arrays of symmetry-breaking microscopic obstacles have been proposed to sort biomolecules. 4, 5 In this work, by arranging nanometer-sized noncentrosymmetric elements in a similar fashion to that found in nature in photogalvanic crystals, we construct a type of functional nanomaterial. Such a material exhibits intrinsic nonlinear electronic functionality, and hence individual devices can be made by simply cutting pieces from the material. This artificial electronic nanomaterial has been shown to function at room temperature. We also demonstrate that the nanomaterial generates direct voltages from high-frequency signals at least up to 50 GHz. Figure 1 shows an atomic force microscope image of the nanomaterial. Here, we use a modulation-doped In 0.75 Ga 0.25 As/InP quantum well structure ͑details in Ref. 6͒, in which electrons are confined to a two-dimensional electron gas in a 9 nm thick quantum well. The triangular areas are either simply etched away or, after such etching, filled with higher band gap InP material in a subsequent overgrowth process. The overgrowth makes the structure truly ''heterostructure-defined'' in all three dimensions, which increases the sharpness of the structures, minimizes the electrical depletion around the triangles, and planarizes the final wafer. The electron transport in this material is ballistic. This differs from the diffusive transport in a conventional semiconductor device where the electric current consists of electrons diffusing in an electric field, and the electrons undergo a large number of scattering events with, for example, randomly distributed impurities. In the nanomaterial shown in Fig. 1 , however, the distance between neighboring triangles is small enough to be comparable to, or much shorter than, the electron mean free path ͑the average distance between scattering centers such as defects or impurities͒ depending on the temperature T. Thus, as indicated by the arrows in Fig. 1 , the electrons in the material are mainly scattered at the boundaries of the triangles and it is the shape and arrangement of the triangles that largely determine the paths traced by the electrons and, hence, the electrical current.
In Fig. 1 , an ac voltage or electric field is applied to the left-hand and right-hand sides of the material. The typical electron trajectories, presented by the arrows, already suggest the accumulation of electrons in the upward direction. A dc voltage can therefore be induced between the upper and lower contacts, which is independent of the direction of the applied electric field. 7 Thus, the material has an intrinsic nonlinear ͑rectifying͒ property. Actually, the applied field can be random or a noise signal ͑not reported here͒. In either case, the material will still generate a dc voltage. Thus, like the devices in Refs. 8 and 9, this nanomaterial also functions as a two-dimensional ratchet. 10 The working principle of this nonlinear material is similar to that of the recently reported ''ballistic rectifier'' device, 8, 11 but operating in an alternate regime and it is completely different from those of conventional nonlinear devices ͑diodes͒. In particular, in this material, no barrier structure or doping is used at all along the current direction. It is not only the intentionally broken symmetry by the introduction of triangles that is important, but also the introduced offset in neighboring columns-the triangles being placed in such a coherent way that neighboring triangles support each other by simultaneously scattering electrons and forming channels through which electrons are ejected. 12 As the nanomaterial is intrinsically nonlinear, individual devices can be made by simply cutting pieces from the material according to requirements for different applications. Figure 2͑a͒ shows the dc output of a device consisting of a 30 mϫ30 m piece as a function of the ac input voltage ͑1 kHz͒ measured at Tϭ119 K. The periods of the material are P x ϭ600 nm and P y ϭ280 nm in the lateral and vertical directions, respectively. Both the base and the height of the triangles are 150 nm. The nonlinearity demonstrated in Fig.  2͑a͒ is indeed as illustrated in Fig. 1 . With our nanolithography techniques, we have even achieved room-temperature operation of the nanomaterial. At room temperature, the electron density and mobility in our wafer are 4.7ϫ10 15 m Ϫ2 and 1.2 m 2 /Vs, respectively. The electron mean free path, about 136 nm, is shorter than, but comparable to, the distance between neighboring triangles ͑about 250 nm͒, which thus allows for many electrons ͑about 28%͒ to travel ballistically over this crucial distance. As shown by Hirayama et al., 13 if the electron transport is partially ballistic, a weaker effect than that at low temperatures can still be observed. Indeed, we find that the nanomaterial functions at room temperature as shown in Fig. 2͑a͒ .
While the physical picture presented in Fig. 1 only involves electron scattering from the triangular boundaries, we expect lateral quantum confinement in the narrow gaps between neighboring triangles to affect or even dominate electron transport at sufficiently low temperatures. This is because the size of the gaps is comparable to the electron Fermi wavelength, which is typically 35 nm in our samples. In this case, the nanomaterial becomes a complex network of quantum point contacts 14, 15 and is expected to exhibit rather different behavior at a sufficiently low temperature. Experimentally, we indeed observe pronounced quantum behavior ͑not shown here͒, which demonstrates that the nanomaterial is also an alternate type of quantum material.
Because of the in-plane nature of the material ͑the electrical contacts are made on the sides instead of the surface͒, the parasitic capacitance between contacts is orders of magnitude lower than in a conventional vertical device of the same size. The material thus has an extremely high working speed as is evident from high-frequency experiments. Figure  3 shows the dc output of a piece of material as a function of the power of the high-frequency signal at room temperature. The frequency is fixed at 50 GHz, already higher than the speed of most conventional diodes. This material is a 30 mϫ30 m piece with P x ϭ800 nm and P y ϭ300 nm, but similar results are obtained in other materials with different structural parameters. Although we have not tested the material at frequencies higher than 50 GHz, from the working principle we expect the cutoff frequency to be much higher, possibly up to hundreds of GHz or even in the THz regime.
The power in Fig. 3 is the reading from the signal source. Because of the impedance mismatch, the power loss of the cables, and the unintentional capacitive coupling to the metal stage on which the devices are measured, only a small portion of the power from the signal source actually goes through the nanomaterial. The real sensitivity of the nanomaterial is estimated to be a few mV output per mW input. This is lower than that of the current commercial microwave detector diodes. However, the current nanomaterial has not yet been optimized for high-frequency experiments and has only been made for the demonstration of the working principle. Much improvement can be expected in the future by, for example, by reducing the period of the triangles down to or below the electron mean free path and the better arrangement of the gap and distance between the triangles, etc. Furthermore, whole wafers of these nanomaterials can actually be produced on a routine basis with the recently developed imprint technique. The large area, in combination with the inplane layout of the material, enables straightforward and efficient coupling to high-frequency microwaves. Microwaves travelling along the normal direction of the nanomaterial surface give the most efficient coupling, while the coupling is achieved in specific ways ͑including using antennae͒ in a vertical device. Moreover, when working in the regime with the quadratic response, as shown by the quadratic fit ͑dashed line͒ in Fig. 2͑a͒ , the nanomaterial can be used to generate second harmonic signals without producing much third or higher harmonics as most conventional nonlinear devices do. This is demonstrated in Fig. 2͑b͒ , where the second and higher harmonics produced by the material are plotted as functions of the applied ac voltage. Also, the polarization of the second harmonic is perpendicular to that of the input signal which makes the separation much easier. Finally, also because of the quadratic characteristic, we expect the dc output to be a linear function of the applied dc or microwave power, and this linear dependence should hold for an arbitrarily low power level. 16 This is indeed supported by the experimental curve in the inset of Fig. 3 , where the dc output is plotted as a function of the applied power expressed in mW. Thus, the material may be used as a microwave power meter with a linear response. Because of these advantageous properties, we expect that the nanomaterial, especially after future improvements, may be used in high-frequency applications such as detection and second harmonic generation, etc. To conclude, we have constructed a functional nanomaterial, which operates at room temperature and at microwave frequencies at least up to 50 GHz. In the introduction we showed the way that phenomena in nature based on microscopic symmetry serve as inspiration for the exploration of the designed electronic material presented here. It would similarly be satisfying if our findings of direction of charges in designed structures may come to have implications, e.g., for a deeper understanding of the photogalvanic effect and possibly other processes in nature.
